The mechanisms by which the p53 tumor suppressor acts remain incompletely understood. To gain new insights into p53 biology, we used high-throughput sequencing to analyze global p53 transcriptional networks in primary mouse embryo fibroblasts in response to DNA damage. Chromatin immunoprecipitation sequencing reveals 4785 p53-bound sites in the genome located near 3193 genes involved in diverse biological processes. RNA sequencing analysis shows that only a subset of p53-bound genes is transcriptionally regulated, yielding a list of 432 p53-bound and regulated genes. Interestingly, we identify a host of autophagy genes as direct p53 target genes. While the autophagy program is regulated predominantly by p53, the p53 family members p63 and p73 contribute to activation of this autophagy gene network. Induction of autophagy genes in response to p53 activation is associated with enhanced autophagy in diverse settings and depends on p53 transcriptional activity. While p53-induced autophagy does not affect cell cycle arrest in response to DNA damage, it is important for both robust p53-dependent apoptosis triggered by DNA damage and transformation suppression by p53. Together, our data highlight an intimate connection between p53 and autophagy through a vast transcriptional network and indicate that autophagy contributes to p53-dependent apoptosis and cancer suppression.
p53 is a critical tumor suppressor, as evidenced by both sporadic and inherited human cancers with p53 mutations and the completely penetrant tumor predisposition of p53-null mice (Kenzelmann Broz and Attardi 2010; Olivier et al. 2010 ). p53's capacity to suppress tumor development is thought to relate to its function as a cellular stress sentinel, in which it responds to diverse stress signals-including DNA damage, oncogene expression, and nutrient deprivation-by promoting cell cycle arrest or apoptosis to prevent the propagation of damaged or compromised cells (Vousden and Lu 2002; Vousden and Prives 2009) . At the molecular level, p53 acts primarily as a transcription factor, inducing a network of genes that contributes to its biological responses (Bieging and Attardi 2012) .
The precise cellular response triggered by p53 is cell type-dependent but also relates to the intensity and type of activating signal (Vousden and Lu 2002; Vousden and Prives 2009 ). For example, cells sustaining extensive DNA damage may undergo either a p53-driven permanent cell cycle arrest known as senescence or p53-dependent apoptosis, both of which will lead to the functional elimination of damaged cells from tissues. Alternatively, cells sustaining limited DNA damage may undergo a temporary p53-mediated cell cycle arrest, affording cells an opportunity to repair damaged DNA, and in such a capacity, p53 can act as a survival factor. p53's ability to promote cell survival is not limited to genotoxic stresses, as wild-type cells subjected to glucose starvation engage a metabolic checkpoint and arrest, while p53-deficient cells fail to arrest upon such nutrient deprivation and undergo apoptosis (Jones et al. 2005) . Hence, in some settings, p53 can preserve viability in response to stress signals.
The ability of p53 to respond to DNA damage is thought to be an ancient function, since it is shared by all members of the p53 family, comprising p53 and the related transcription factors p63 and p73. In primitive organisms, a p63/p73 ancestor protects germline integrity by inducing apoptosis in response to DNA damage, and this role is conserved in flies, worms, and mice, where p63 is the key driver of oocyte death upon irradiation (Belyi et al. 2010; Rutkowski et al. 2010) . Although each family member ultimately specialized, with p53 action being central for tumor suppression and p63 and p73 for promoting stratified epithelial development and nervous system function, respectively, the presence of a p53 family member in singlecell eukaryotes such as choanoflagellates suggests that there are important functions of this family beneficial to unicellular organisms. The ancestral functions of the p53 superfamily, however, remain incompletely understood.
Genome-wide studies of p53 transcriptional responses have been used successfully to gain novel insights into p53 biology. For example, an early study using chromatin immunoprecipitation (ChIP) paired end ditag (ChIP-PET) technology defined a list of novel p53 target genes involved in a variety of functions and whose expression correlated with clinical outcome in human cancer patients (Wei et al. 2006) . More recently, a p53 ChIP array study in mouse embryonic stem cells (ESCs) uncovered a role for p53 in regulating differentiation through the induction of Wnt pathway genes (Lee et al. 2010 ). In addition, global genomic profiling of mouse ESCs was used to elaborate a dual mechanism for p53 regulation of selfrenewal and pluripotency by showing that p53 binding in promoter sites correlates with activation of differentiation gene expression, while p53 binding at more distant sites interferes with distal enhancer activity to repress expression of stem cell-related genes .
Here, to gain new insights into p53 function, we leveraged the state-of-the-art genomic techniques of ChIP sequencing (ChIP-seq) and RNA sequencing (RNA-seq) to characterize p53 transcriptional responses to DNA damage signals in a global and unbiased manner. We focused on the response of primary fibroblasts to DNA damage to best understand how p53 behaves in differentiated normal cells. Interestingly, we identified a host of autophagy genes induced by p53 in conjunction with its family members. The induction of the autophagy transcriptional program in response to p53 activation correlates with increased levels of autophagy in a variety of settings, and we show that autophagy is important for p53-dependent apoptosis and transformation suppression. Collectively, these studies suggest that transcriptional activation of this extensive autophagy network is a fundamental component of p53 biological function.
Results
ChIP-seq in DNA damage-treated primary mouse embryo fibroblasts (MEFs) reveals myriad p53-bound sites MEFs represent an important primary cell model system and have been widely used to discover many aspects of p53 function, including its roles in apoptosis and cell cycle arrest as well as the molecular pathways through which p53 acts in these contexts (Kastan et al. 1992; Debbas and White 1993; Lowe and Ruley 1993) . To gain new insights into p53 biology, we aimed to obtain a genome-wide profile of genes bound and regulated by p53 in MEFs using highthroughput ChIP-seq and RNA-seq techniques (Fig. 1A) . Beyond being primary cells in which the biology of p53 responses is very well characterized, MEFs afford the possibility of cleanly assessing the p53 dependence of gene expression and biological responses through the comparison of wild-type and p53-deficient MEFs derived from littermate wild-type and p53 À/À embryos. While wild-type MEFs treated with the DNA double-strand break inducer doxorubicin undergo permanent G 1 arrest and senescence, p53 À/À MEFs fail to do so and ultimately die, likely from mitotic catastrophe (Brown and Attardi 2005) . Importantly, the availability of robust polyclonal antibodies directed against full-length mouse p53 provided a means to ensure isolation of all p53 isoforms bound to DNA.
To derive a global profile of genes directly activated and repressed by p53, we chose to map p53-binding sites at relatively early time points after p53 activation after 6 h of doxorubicin treatment, when p53 was stabilized and target gene induction was observed (Supplemental Fig.  1A ,B). Our p53 ChIP-seq analysis of wild-type MEFs, with p53 À/À MEFs as a negative control, identified 4785 p53-bound sites at a false discovery rate (FDR) of 0.02% (Supplemental Table 1 ). By associating these sites with specific RefSeq genes if the binding site was within 10 kb of the gene, we identified 3193 genes with p53-binding sites, which we term ''p53-bound genes'' (Supplemental Table 2 ). In addition, we found a significant number of p53-bound sites >10 kb from the annotated genes. Our study, whose comprehensive nature is underscored by the identification of a high percentage of classical p53 target genes involved in a wide array of functions, thus identifies a large set of p53-bound genes (Supplemental Fig. 1C,D ; Riley et al. 2008) . A replicate experiment produced similar results. Quantitative PCR (qPCR) analyses of randomly selected individual binding sites, with enrichments spanning from just above the enrichment cutoff to the most enriched peaks, validated virtually all of these (34 out of 35) (Supplemental Fig. 1E ).
The majority of p53-bound sites are localized near or within genes (Fig. 1B) . Most of these are either within 10 kb upstream of the transcription start site (13.8%) or within introns (41.7%), consistent with previous studies showing that p53-binding sites are commonly found in introns of target genes (Wei et al. 2006; Smeenk et al. 2011) . In addition, a significant percentage (31.1%) of p53-bound sites lie >10 kb from annotated genes, likely representing distal regulatory sites for known genes or more local regulatory elements for novel intergenic genes such as noncoding RNAs (ncRNAs). Analysis of conservation in vertebrates shows that genomic DNA sequences located within both gene-proximal and intergenic p53-bound sites are more conserved than flanking sequences (Supplemental Fig. 2A ), indicating the potential functional significance of these sites.
To determine whether our peaks contain p53 response elements, we performed de novo motif analysis using MEME with the 200 bases flanking the peak coordinates and found that our binding sites are indeed enriched for p53 response elements. Furthermore, using MEME with sequences from the 1000 most highly enriched peaks, we generated an ''ideal'' p53 consensus motif, which we found resembled the known p53 response element in the À/À MEFs were derived from embryonic day 13.5 (E13.5) embryos and either left untreated or treated with doxorubicin to induce DNA damage. RNA extracted from these cells was used for expression profiling by RNA-seq (3SEQ), and chromatin was used for genome-wide analysis of p53 binding to DNA by ChIP-seq. The overlap in genes identified from these analyses will reveal direct p53 target genes. (B) Genomic location of the p53 ChIP-seq peaks with respect to annotated genes. (C) p53 consensus motif derived from MEME de novo motif analysis compared with the TRANSFAC p53 matrix. Our motif shows a strong preference for the ''core'' C and G but more variability in the A and T residues in the ''CATG'' core as well as more degeneracy in the flanking nucleotides. (D) Distribution of spacer lengths between p53 response element half-sites, suggesting that many p53-binding sites have spacers >3 nt. (E) Biological process GO terms enriched in our p53-bound gene data set, with P-values as calculated by DAVID using a modified Fisher exact test. Percentages of genes bound by p63 are indicated, as determined by analysis of a published p63 ChIP-seq data set (Kouwenhoven et al. 2010 ). Kenzelmann Broz et al. Transfac database comprising two half-sites of 10 nucleotides (nt) (Fig. 1C) . Using our p53 matrix, we then scanned all ChIP-seq peaks for p53-binding sites, accounting for the spacer of 1-13 nt by separating the two halfsites and scanning them individually. Clear p53 response elements were present in 3152, or 65.9%, of our ChIP-seq peaks using a P-value of 0.05, with little difference in frequency between gene-associated and intergenic peaks (Supplemental Fig. 2B ). In addition, the total of 6461 matrix scan hits in all peaks indicates that many peaks contain multiple p53 response elements. While the majority of p53-bound sites contain p53 response elements recognized by the p53 matrix, the remaining p53-bound sites still contain less highly conserved p53 motifs, as indicated by MEME analysis. Interestingly, although the majority of p53 response elements have either no spacer (35%) or a spacer of 1 base pair (bp) (9.5%), longer spacers of 3-13 nt are detected in a significant fraction of ChIPseq peaks, which together represent a large fraction of p53 response elements (Fig. 1D) . Moreover, the variability both within the sequence of the p53 response element and in spacer length poses challenges to the computational prediction of p53-binding sites and highlights the need for biological binding data to define p53-binding sites.
To obtain a global overview of the biological functions of proteins encoded by p53-bound genes, we performed a functional annotation using DAVID (Database for Annotation, Visualization, and Integrated Discovery) analysis for Kyoto Encyclopedia of Genes and Genomics (KEGG) pathways and biological processes gene ontology (GO) terms ( Fig. 1E ; Supplemental Fig. 2C ; Supplemental Tables 9,10). Beyond the pathways and biological processes previously associated with p53, such as ''regulation of apoptosis'' and ''blood vessel development,'' we observed enrichment for genes involved in pathways and biological processes not clearly related to p53 function, including ''regulation of small GTPase-mediated signal transduction,'' ''regulation of cell size, '' and ''vesicle-mediated transport'' (Fig. 1E; Teodoro et al. 2006) . Interestingly, we noted many functions relevant to the developmental roles of the p53 family members p63 and p73, such as ''cell adhesion'' and ''neuron differentiation,'' respectively. Indeed, we found that 61.8%-82.3% of p53-bound genes were also bound by p63 in a p63 ChIP-seq data set of human keratinocytes, suggesting a considerable overlap in genes bound by p53 family members ( Fig. 1E ; Kouwenhoven et al. 2010) .
Combined ChIP-seq and RNA-seq analysis to identify direct, p53-regulated target genes
To determine which p53-bound genes are also transcriptionally regulated by p53, we performed RNA-seq of wildtype and p53 À/À MEFs either left untreated or treated with doxorubicin for 6 h (Fig. 1A) . Using the R library DEseq, we identified 1323 doxorubicin-regulated, p53-dependent genes (Supplemental Table 3 ), of which 432 (32.65%) are bound by p53, thus likely representing direct p53 targets ( Fig. 2A ; Supplemental Tables 4,6; Anders and Huber 2010). Strikingly, of the 3193 p53-bound genes, only 13% appear regulated by p53 in response to DNA damage. While some of these p53-bound genes may not clearly be regulated at such an early time point, in other cases, p53 binding alone may be insufficient for transcriptional regulation. Therefore, genes may be poised for p53-dependent regulation pending the recruitment of cell type-specific or stress response-specific cofactors to induce their expression. Of the p53-dependent, DNA damage-regulated genes, 69.39% are induced and 30.61% are repressed ( Fig. 2A) , while of the 432 p53-bound and p53-dependent, DNA damageregulated genes, most (84.49%) are induced and only 15.55% are repressed. This finding indicates that either direct repression is not a major component of the global p53 transcriptional program or fewer repressed genes were identified because of the biological variability that we observed with repression. Beyond verifying that our list of 432 genes is highly enriched for direct p53 target genes such as Cdkn1a and Bbc3/Puma, we identified a set of new p53 target genes, including those that we described previously as novel p53 tumor suppression-associated target genes, such as Abhd4 and Crip2 (Supplemental Fig. 3A ,B; Brady et al. 2011) . Other p53 target genes, such as Apaf1 and Zmat3/Wig1, did not pass our statistical criteria, indicating that some bona fide p53 targets may be missed in this analysis due to the early time point or biological variation.
To identify novel biological processes regulated by p53, we subjected the list of 432 bound and regulated genes to DAVID analysis ( Fig. 2B,C ; Supplemental Tables 11,12). Our gene set was enriched for several gene ontology (GO) terms related to cell cycle arrest and programed cell death, classical p53 responses, thus validating our list. Intriguingly, we found that Ppp1r13l/iAspp, which encodes a protein that binds p53 and inhibits its apoptotic function, is a direct p53 target gene (Supplemental Fig. 3C ; Sullivan and Lu 2007) . Moreover, we found that p53 binds and upregulates another of its important negative regulators, Mdm4, which was only recently reported to be a direct p53 target gene ). These observations suggest novel aspects of p53 negative feedback regulation. In addition, Dffb, encoding an endonuclease responsible for DNA fragmentation and chromatin condensation during apoptosis, is p53-bound and induced in response to DNA damage, indicating that p53 regulates genes at all levels of the apoptotic pathway, from induction of apoptosis to DNA fragmentation. Thus, this data set implicates new players in various aspects of p53 function and regulation.
Interestingly, there are multiple enriched GO terms related to the negative regulation of growth or cell size, a relatively unexplored function for p53 that would integrate well with known p53 functions (Supplemental Tables 10, 12 ; Figs. 1E, 2B,C). For example, while cells are undergoing cell cycle arrest, there is no need for cell growth, and p53 might help to ensure that resources are used for survival or DNA repair. The identification of Ulk1, which encodes a key initiator of macroautophagy (referred to as autophagy hereafter)-a major pathway for cellular quality control and energy production through the degradation of long-lived proteins and organellessuggested that p53 might directly activate genes encoding autophagy core machinery components. In addition, this category includes the known p53 target genes Ei24 and Bbx/Puma, which have been associated with autophagy (Yee et al. 2009; Tian et al. 2010) . Together, these findings suggested the possibility that the direct activation of central autophagy pathway genes is part of the transcriptional program contributing to p53 function.
In addition to p53-dependent DNA damage-regulated genes, we also derived a list of 1269 genes differentially regulated between unstressed wild-type and p53 À/À cells, termed basal p53-regulated genes (Supplemental Table 7 ). Again, of the 3193 p53-bound genes, only a subset-253, or 7.9%-are regulated by p53 at basal levels (Supplemental Fig. 4A ). Percentages of genes induced or repressed in wild-type MEFs relative to p53 À/À MEFs are similar for all basal p53-regulated genes (44.92% and 55.08%, respectively), while in the p53-bound group, a higher percentage of genes is induced in the presence of p53 (62.45%) than repressed (37.55%), suggesting a more prominent role for p53-dependent activation of gene expression in unstressed cells, as during the DNA damage response. To identify biological processes regulated by p53 in unstressed cells, we performed DAVID analysis (Supplemental Fig. 4B ; Supplemental Tables 13,14) . The p53-bound and basal p53-regulated gene set was enriched for KEGG pathways and GO terms related to apoptosis, proliferation, cell growth, and blood vessel development similar to the p53-bound and p53-dependent DNA damage-regulated genes. In addition, we also identified KEGG pathways and GO terms related to cell migration, such as ''focal adhesion,'' ''cell projection organization,'' and ''cytoskeleton organization,'' suggesting that regulation of these processes by p53 might be more prominent in unstressed cells than in DNA damage-treated cells.
p53 binds to a host of autophagy genes
Autophagy is a complex process in which cytosolic contents, including proteins and organelles, become engulfed by nascent vesicles called autophagosomes and degraded after fusion with lysosomes . The activation and execution of autophagy thus require the coordinated action of myriad proteins. To further explore the idea that p53 may regulate the autophagy machinery, we closely inspected our p53-bound gene list for other key autophagy genes. In fact, we discovered p53-bound genes encoding proteins involved in multiple steps of autophagy, including upstream regulators of the pathway, core machinery components, and lysosomal proteins ( Fig. 3A,B ; Supplemental Fig. 5A ,B). Upstream of autophagy, both the mTor and Ampk pathways comprise components encoded by previously known p53 target genes, including Tsc2, Ddit4/Redd1, Foxo3a, and the b1 and b2 subunits of Ampk (Ellisen et al. 2002; Feng et al. 2007 ). In our list of p53-bound genes, we identified three additional genes encoding components of the Ampk or PI3K pathways: Stk11/Lkb1, the upstream activator of Ampk and a tumor suppressor; Prkag2, the g-subunit of Ampk; and Pik3r3, a phosphoinositide-3-kinase regulatory subunit in the PI3K pathway. Interestingly, in addition to Ulk1, we also identified a set of autophagy core machinery-encoding genes, including Atg2b, Atg4a, Atg4c, Atg7, Atg10, Tmem49/Vmp1, Ulk2, and Uvrag, as p53-bound. Furthermore, we found that several lysosomal proteinencoding genes-including the established p53 target gene Ctsd and the genes Laptm4a, Tpp1, and Vmp4-are bound by p53 (Wu et al. 1998) . As most of these p53-bound autophagy genes did not initially appear in our list of p53-bound and regulated targets, we tested whether they might be regulated at a later time point than our RNA-seq analysis by performing qRT-PCR analyses after À/À MEFs shows induction of p53-bound core autophagy genes after 24 h of doxorubicin treatment, with varying extents of p53-dependent contribution. Expression levels represent the average 6 SD of technical triplicates after normalization to expression in untreated cells and to b-actin. (D, left) qRT-PCR analysis of human fibroblasts transduced with control (ctr) or p53 shRNAs shows p53-dependent induction of p53-bound core autophagy genes after 24 h of doxorubicin treatment. Expression levels represent the average 6 SD of technical triplicates after normalization to expression in untreated cells and to b-actin. (Right) Analysis of average p53 expression levels 6 SD of technical triplicates after normalization to b-actin confirms efficient p53 knockdown. (E) qRT-PCR analysis of Ulk1 and Ulk2 expression in UVC-treated wild-type and p53 À/À MEFs after 24 h. Expression levels represent the average 6 SD of technical triplicates after normalization to expression in untreated cells and to b-actin. (F) qRT-PCR analysis of Ulk1 and Ulk2 expression in doxorubicintreated wild-type and p53-deficient HCT116 human colon carcinoma cells after 24 h. Expression levels represent the average 6 SD of technical triplicates after normalization to expression in untreated cells and to b-actin.
p53-induced autophagy network 24 h of doxorubicin treatment. We found that genes for all autophagy components are indeed induced by doxorubicin in wild-type cells, similarly to p21 ( Fig. 3C ; Supplemental Fig. 5C ). Interestingly, we found that the induction of a subset of these genes, such as Atg2b and Ulk1, was partially compromised in p53 À/À MEFs, while others were induced normally, suggesting that their expression is not strictly p53-dependent.
We further evaluated the role of p53 in activating these autophagy targets by investigating their induction by p53 in other contexts. First, we assessed whether DNA damage also induces autophagy core genes in human cells using primary human fibroblasts transduced with either a control or a p53 shRNA-expressing construct. Most of these genes-including Atg4a, Atg7, Atg4c, Ulk1, Ulk2, and Uvrag-show clear p53-dependent induction in response to treatment with doxorubicin, like p21, suggesting that the activation of autophagy genes by p53 occurs in human cells ( Fig. 3D; Supplemental Fig. 5D ). These results were confirmed with a second p53 shRNA (Supplemental Fig.  5E ). A small subset, including Atg10 and Tmem49, was not clearly induced by doxorubicin at this time point or had a p53-independent contribution to induction. Next, we examined the induction of Ulk1 and Ulk2, both of which are mammalian Atg1 homologs, as representative autophagy target genes in response to p53 activation by a different DNA damaging agent, UVC radiation, which induces apoptosis in MEFs. In addition, we tested p53-dependent induction of autophagy target genes in epithelial cancer cells using HCT116 wild-type or p53 À/À colorectal cancer cells. In these contexts, we found that Ulk1 exhibited either complete or partial dependence on p53 for induction by DNA damage (Fig. 3E, F ; Supplemental Fig. 5F ,G). In contrast, we found that Ulk2 showed induction by UVC in MEFs but with minimal p53-dependence and that Ulk2 was not induced by doxorubicin in HCT116 cells, suggesting a cell type specificity for the induction of some autophagy genes by DNA damage. Collectively, these findings indicate that many p53-bound autophagy genes are inducible by DNA damage in both mouse and human cells, but the dependency on p53 displays both some gene-specificity and some cell type specificity.
p53 family members contribute to the regulation of the autophagy program
The fact that some p53 autophagy target genes maintained partial or complete DNA damage-dependent up-regulation in p53 À/À MEFs suggested the possibility that other factors might compensate for the loss of p53. We considered the p53 family members p63 and p73, which are also activated in response to DNA damage and have a DNA-binding specificity similar to that of p53. We compared our p53 ChIP-seq data set with published genome-wide DNAbinding data sets for the p53 family members, including a p63 ChIP-seq data set in primary human keratinocytes (Kouwenhoven et al. 2010 ) and a p73 ChIP-Chip data set in human rhabdomyosarcoma cells (Rosenbluth et al. 2011) . Indeed, many of the autophagy genes, including numerous core autophagy genes, were bound by p63 when these data were analyzed using the same parameters as for our ChIPseq data analysis, despite differences in cell type, treatment, and species (Fig. 4A) . Moreover, by comparing our list of p53-bound genes with the 3071 genes described in the p73 ChIP-Chip study, we found that a number of p53 autophagy targets are also bound by p73 in human cancer cells, including various core autophagy genes. These comparisons indicate that binding to autophagy genes is a shared function of the three p53 family members and occurs in different cell types and species. To test whether p53 family members contribute to the regulation of p53-bound autophagy genes, we used RNAi to attenuate p63 and p73 expression in wild-type and p53 À/À MEFs and analyzed expression of autophagy genes and p21 after DNA damage by qRT-PCR. With some autophagy genesincluding Atg4a, Atg7, and Atg10-as well as with p21, we noted some compromised induction by DNA damage in wild-type MEFs with knockdown of both p63 and p73 ( Fig. 4B; Supplemental Fig. 6 ). Strikingly, the downregulation of these p53 family members in p53 À/À cells prevented efficient induction of all autophagy genes by doxorubicin. Collectively, these findings indicate that p53 and its family members can induce expression of a host of autophagy target genes in response to DNA damage. In the setting of p53-null MEFs, p63 and p73 appear to compensate for chronic p53 deficiency. In wildtype cells, p53 plays a more dominant role in autophagy gene induction, as suggested by the acute p53 knockdown experiments in human fibroblasts, but p53 family members can still contribute to the activation of autophagy genes by DNA damage.
p53 induces autophagy in diverse contexts and in a transactivation-dependent manner
To determine whether the p53-driven induction of autophagy genes translates into increased levels of autophagy, we analyzed autophagy in response to p53 activation in diverse settings. First, we examined autophagy in wild-type MEFs upon p53 activation by DNA damage, verifying p53 activity by induction of the p53 target genes p21 and Ulk1 (Supplemental Fig. 7A ). We measured levels of autophagy by immunoblotting for modified LC3 (LC3-II), which is incorporated into autophagic vesicles and thus correlates with levels of autophagy. To confirm that any enhanced LC3-II signal represents increased autophagic flux rather than a block in autophagy resulting from accumulation of autophagosomes, we also analyzed cells treated for 1 h with BafilomyinA1 (BafA1), an inhibitor of autophagic flux. We observed increased LC3-II levels upon DNA damage treatment, which further increased with BafA1 treatment, indicating that autophagic flux is up-regulated in response to DNA damage (Fig. 5A) . Accordingly, accumulation of LC3 in discrete puncta was detected by immunofluorescence staining for endogenous LC3 in doxorubicin-treated wild-type MEFs (Fig. 5B) . To further confirm the induction of autophagy by p53, we measured autophagy in response to genotoxic stress-independent activation of p53 by either treatment of wild-type MEFs with the Mdm2-p53 interaction antagonist Nutlin-3a or genetic activation of p53 expression in MEFs carrying conditional p53 alleles in which p53 expression is induced by Cre-mediated recombination of an upstream transcriptional STOP cassette (Olive et al. 2004; Brady et al. 2011) . First, we observed that Nutlin-3a treatment enhanced p53 transcriptional activity, LC3-II levels by Western blot, and autophagosome formation by immunofluorescence, indicating that activation of p53 alone is sufficient to drive autophagy ( Fig. 5A,B; Supplemental Fig. 7A ). Second, using the genetic activation system, we infected p53 LSL-wt/LSL-wt MEFs with either empty adenoviruses (Ad-empty), leaving the cells p53-null, or adenoviruses expressing Cre (AdCre), to allow p53 expression. Western blot analysis and immunofluorescence confirmed efficient and widespread expression of p53 throughout the population ( Fig. 5C ; Supplemental Fig. 7B ). We observed increased LC3-II with Ad-Cre infection relative to Ad-empty infection (Fig. 5C,  lanes 1-4) . Finally, to determine whether p53-dependent regulation of autophagy genes may be relevant in another cell type and in response to oncogenic signals, we examined autophagy levels in response to p53 activation in cells derived from lung tumors from KRas G12D -expressing mice carrying the inducible p53 allele. In this model, restored p53 induces cell cycle arrest but no significant apoptosis (Feldser et al. 2010) . As with the MEFs, transduction of KRas G12D ;p53 LSL-wt/LSL-wt lung cancer cell lines with Ad-Cre to induce p53 expression enhanced autophagy relative to Ad-empty-infected cells ( Fig. 5D,E; Supplemental Fig,. 7B) . Induction of p21 and autophagy genes in response to p53 expression activated by Ad-Cre treatment was verified by qRT-PCR (Supplemental Fig. 7C ). Taken together, our findings indicate that p53 activation promotes autophagy in response to a variety of stimuli, including DNA damage, oncogenic signaling, direct pharmacological activation by Nutlin-3a, and genetic activation. Thus, autophagy appears to be a core p53 response.
To determine whether the induction of autophagy is dependent on p53 transcriptional activity, as suggested by the p53-activated transcriptional program we uncovered, we used MEFs homozygous for a conditional knock-in allele encoding a p53 mutant with alterations in both transcriptional activation domains, p53 25, 26, 53, 54 , which we previously showed to be transactivation-dead on a genome-wide level (Brady et al. 2011) . Indeed, transcriptomic analyses in MEFs showed that while the p53-bound autophagy target genes are induced in MEFs with wildtype p53 compared with p53-null MEFs, the p53 25, 26, 53, 54 mutant fails to activate these genes (Fig. 5F ). Accordingly, we found that, unlike wild-type p53, p53 25, 26, 53, 54 could not induce autophagy, suggesting that transcriptional activation is important for p53 to activate autophagy Table showing which of the p53-bound autophagy genes are bound by p63, based on a ChIP-seq study in primary human keratinocytes (Kouwenhoven et al. 2010) , and by p73, based on a ChIP-Chip study in human rhabdomyosarcoma cells (Rosenbluth et al. 2011) . (B) qRT-PCR analysis of autophagy gene expression in untreated (ut) or doxorubicin-treated (dox) wild-type and p53 À/À MEFs transfected with either control (ctr) or p63 and p73 siRNAs. Expression levels represent the average 6 SD of technical triplicates after normalization to expression in untreated cells and to b-actin.
p53-induced autophagy network (Fig. 5C, lanes 5-8; Supplemental Fig. 7B ). Consistent with this notion, the tumor-derived p53 mutant p53 R270H , which has a mutation in the DNA-binding domain that abrogates binding to p53 response elements in DNA and thus prevents transactivation of p53 target genes, also fails to induce autophagy (Fig. 5C, lanes 9-12; Supplemental Fig.  7B ). Collectively, these results highlight the importance of p53 transcriptional activity for the induction of autophagy, consistent with the requirement of p53-mediated activation of autophagy genes to drive the autophagy program.
Autophagy deficiency does not compromise DNA damage-induced cell cycle arrest and survival but impairs p53-dependent apoptosis
To determine the role of autophagy in the p53 pathway, we queried how autophagy contributes to p53 DNA damage responses in primary cells using MEFs conditionally deficient for the essential autophagy gene Atg5 (Hara et al. 2006) . We confirmed efficient recombination of the Atg5 fl/fl alleles by PCR (Supplemental Fig. 8A ) and immunoblotting, where we noted a dramatic decrease in Atg5 protein levels ( Fig. 6A; Supplemental Fig. 8B ). Importantly, Atg5 deletion inhibited autophagy, as established by LC3-II Western blot analysis.
In response to DNA damage, p53 can drive G 1 arrest to allow cells to repair DNA damage before proceeding through the cell cycle, thereby limiting the propagation of oncogenic mutations. Importantly, the p53-dependent checkpoint response to DNA damage is also critical for cell survival, since upon extended exposure to DNA damage, wild-type cells arrest but remain viable, while p53 À/À MEFs continue to proliferate, accumulate DNA damage, and ultimately die due to mitotic catastrophe ) or homozygous for a transactivation-dead p53 mutant allele (p53 25,26,53,54/25,26,53,54 ), both of which fail to undergo senescence. Induced genes appear red on the heat map, and repressed genes appear blue.
Kenzelmann Broz et al. (Brown and Attardi 2005) . To determine whether autophagy might be important for this arrest and survival function of p53, we assessed G 1 checkpoint function in the absence of autophagy by treating wild-type and Atg5-deficient MEFs with 5 Gy of g-irradiation and analyzing cell cycle distribution by flow cytometry. Like wild-type MEFs, Atg5-deficient MEFs displayed an intact G 1 checkpoint response, as determined by the ratio of the S-phase fraction in irradiated cells relative to untreated cells, contrasting with p53 À/À MEFs, which failed to arrest ( Fig.  6B; Supplemental Fig. 8B,C) . To test whether autophagy contributes to cell survival in the face of prolonged DNA damage, we treated control and Atg5-deficient MEFs with doxorubicin for 72 h. We found that the Atg5-deficient MEFs are able to survive as well as the wild-type MEFs, unlike p53 À/À MEFs (Fig. 6C) . Together, these observations suggest that the role of autophagy downstream from p53 in this primary cell setting is not to promote survival upon genotoxic stress.
The other major p53 response to DNA damage is to stimulate apoptosis to cull damaged cells. To determine whether autophagy is involved in promoting p53-dependent apoptosis, we introduced the oncogenes E1A and Hras V12 into MEFs, which sensitize MEFs to undergo apoptosis rather than cell cycle arrest in response to DNA damage. Interestingly, we found that upon doxorubicin treatment, apoptosis in E1A;Hras V12 ;Atg5-deficient MEFs was significantly attenuated relative to E1A; Hras V12 ;wild-type MEFs, although not to the extent of E1A;Hras V12 ;p53 À/À MEFs, which failed to undergo apoptosis ( Fig. 6D; Supplemental Fig. 8D,E) . Importantly, it is likely that we are underestimating the degree of apoptosis compromise with Atg5 deficiency, as we do not completely abolish Atg5 expression or autophagy (Supplemental Fig. 8D ). These findings indicate that autophagy is required for robust p53-dependent apoptosis. Since autophagy-independent functions have been described for several Atg proteins, we confirmed our result with an independent genetic model of autophagy deficiency, cells depleted of Ulk1 and Ulk2, mammalian homologs of Atg1, and direct targets of p53 in our studies. We generated E1A;Hras MEFs transduced with negative control GFP shRNAs or Ulk2 shRNAs after 18 h of DNA damage treatment (dox). Shown are the average percentages 6 SD of AnnexinV-positive cells from one representative of more than three independent experiments, with error bars indicating technical replicates, and P-values calculated by the Student's t-test. (F) Soft agar assay for p53-dependent suppression of transformation in E1A;Hras V12 MEFs. Quantification shows average colony number 6 SD. The P-values were calculated by the Student's t-test. Shown are representative wells of 3-wk Giemsa-stained colonies from one experiment of four, each with technical triplicates.
p53-induced autophagy network Fig. 8F ). Indeed, we observed decreased doxorubicintriggered, p53-dependent apoptosis in cells deficient for both Ulk1 and Ulk2, whereas either inactivation of Ulk1 or depletion of Ulk2 alone was insufficient to attenuate apoptosis (Fig. 6E) . Collectively, these data indicate that in response to DNA damage, p53-induced autophagy does not mediate p53-dependent cell cycle arrest or survival but contributes to efficient p53-dependent apoptosis.
Autophagy deficiency compromises transformation suppression
The ability of p53 to induce apoptosis is critical for tumor suppression in some settings (Symonds et al. 1994; Schmitt et al. 2002) . For example, oncogene-expressing MEFs with wild-type p53 are prone to apoptosis and grow poorly in transformation assays Soengas et al. 1999) . Deficiency for either p53 or apoptosis genes relieves this block and enables efficient growth of oncogene-expressing MEFs in soft agar transformation assays and as tumors in immunocompromised mice. To determine whether autophagy contributes to the tumor suppressor function of p53 in this context, we tested whether autophagy deficiency promotes transformation in a well-established p53-dependent transformation suppression assay using MEFs expressing the oncogenes E1A and Hras
V12
. We compared E1A;Hras V12 ;wild-type and E1A;Hras V12 ;Atg5-deficient MEFs for growth in a soft agar assay, which tests for p53-dependent inhibition of anchorage-independent growth and serves as a surrogate of in vivo tumor growth. As expected, E1A;Hras V12 ;p53
MEFs yielded significantly more colonies than E1A; Hras V12 ;wild-type MEFs (Fig. 6F) . Interestingly, we found that E1A;Hras V12 ;Atg5-deficient MEFs also produced more colonies than their wild-type counterparts, indicating that autophagy deficiency indeed promotes transformation. Notably, the colonies forming from autophagy-deficient cells do not appear as numerous and/or as large as those observed with p53 deficiency, consistent with the notion that p53 regulates processes other than autophagy that are compromised upon p53 loss, thus further enhancing colony formation. These findings demonstrate that autophagy contributes to p53-dependent suppression of transformation, underscoring an important novel mechanism by which p53 may generally suppress tumorigenesis.
Discussion
Here, to gain novel insights into p53 function, we used combined ChIP-seq and RNA-seq analyses to describe the genome-wide binding and direct regulation of genes by p53 in primary MEFs in response to DNA damage. Interestingly, our studies revealed numerous novel downstream components of p53 as well as a vast autophagy network activated by p53 and its family members. We showed that p53 induces autophagy in various contexts, including in response to DNA damage and direct activation by Nutlin-3a and after genetic activation, as well as in different cell types, including primary MEFs and lung cancer cell lines. The induction of autophagy relies on p53 transcriptional activity, consistent with a requirement for p53-mediated induction of the autophagy gene network we identified. Finally, we found that in the context of p53 activation, autophagy does not promote survival but instead contributes to efficient p53-dependent apoptosis and suppression of transformation.
Genome-wide profiling of p53 binding and transcriptional activity has been performed previously and led to several general insights (Wei et al. 2006; Smeenk et al. 2008 Smeenk et al. , 2011 Lee et al. 2010; Botcheva et al. 2011; Li et al. 2012; Nikulenkov et al. 2012 ). First, p53 binds genes representing a wide variety of functional categories, including cell adhesion and axon guidance, and many of these can also be bound by the p53 family members p63 and p73 (Smeenk et al. 2008) . Second, p53 ChIP-seq studies have shown that in cancer cells treated with different agents to induce either apoptosis or cell cycle arrest, total p53-binding profiles are remarkably similar despite transcriptional differences (Smeenk et al. 2011; Nikulenkov et al. 2012) . This observation suggests that other factors, such as cofactors recruited in a cell typespecific and stress response-specific manner, are required for inducing changes in gene expression (Wei et al. 2006; Smeenk et al. 2011; Nikulenkov et al. 2012) . Third, studies have found p53 response elements in p53-bound sites, indicating direct binding of p53, as well as several motifs for other transcription factors such as AP-1, Sp1, and Ets2 that may cooperate with p53 (Smeenk et al. 2008) . Our study in the MEF primary cell system also indicates that p53 binds to genes involved in a vast array of biological functions, many of which are also bound by the p53 family members. While only a subset of the p53-bound genes is regulated in response to DNA damage in MEFs, others may be poised for regulation in a different cell type or in response to a different stress. We found p53 response elements in a majority of p53-bound sites, although searching for the half-sites separately allowed us to identify a large fraction of p53 response elements with spacers >1 nt, indicating that there is more variability in spacer length than previously anticipated and that binding data, rather than bioinformatic prediction, are important for defining p53-binding sites in the genome. In addition, our study significantly extends the previous studies by unveiling a vast autophagy program regulated by p53 (Fig. 7A) .
Interestingly, our studies have revealed that the p53 family members p63 and p73 participate in regulating the p53-bound autophagy genes that we identified, as indicated by the binding of p63 and p73 to these genes in published human ChIP-seq and ChIP-Chip experiments and by our genetic analyses showing that p63 and p73 contribute to the induction of autophagy target genes by DNA damage (Kouwenhoven et al. 2010; Rosenbluth et al. 2011) . The idea that p53 family members can participate in activating p53 target genes is not unprecedented, as p63 and p73 contribute to the induction of proapoptotic genes during apoptosis in E1A MEFs (Flores et al. 2002) . The finding that p53 family members all contribute to regulating autophagy genes suggests that the induction of autophagy may represent an ancestral function of the family. As the DNA damage-triggered apoptotic response is thought to be a critical ancient function of the p53 family for protection of the germline, the induction of autophagy by p53 family members could have evolved to promote this response. It is also plausible that p53 family memberregulated autophagy evolved originally as a general stress response to stresses such as nutrient deprivation, a function that is compatible with the presence of p53 family members in unicellular organisms.
p53 has been implicated previously in autophagy through a couple of mechanisms. The primary link has been through transcriptional induction of a small set of target genes by p53, although basal levels of p53 can also inhibit autophagy in the cytoplasm (Tasdemir et al. 2008; Maiuri et al. 2010) . The most central p53-activated target gene involved in autophagy is Dram1, which encodes a lysosomal protein involved in late stages of autophagy (Crighton et al. 2006 ). In addition, p53 can contribute to autophagy through activation of its apoptotic targets, including Bax and Puma, which participate in the crosstalk between apoptosis and autophagy (Maiuri et al. 2007) . Furthermore, p53 transcriptionally activates components of pathways upstream of autophagy, including Tsc2 and Ampk, which inhibit mTor, resulting in the activation of autophagy, as shown, for example, in response to DNA damage (Feng et al. 2005 (Feng et al. , 2007 . Recently, Ulk1 and the autophagy modulator ISG20L1 were also identified as direct p53 targets in human cells (Eby et al. 2010; Gao et al. 2011) , and several autophagy genes were found to be bound by p73 in human cells (Rosenbluth and Pietenpol 2009 ). p53 has also been proposed to be a regulator of autophagic homeostasis by post-transcriptional modulation of LC3 levels, which ensures autophagic flux and promotes survival in response to chronic starvation (Scherz-Shouval et al. 2010) . Here, we expand the direct role of p53 in regulating autophagy by defining an entire program of autophagy genes directly activated by p53 and its family members, including genes involved in each step of the autophagic process (Fig. 7A) .
Autophagy has a context-dependent role in cancer development. Several autophagy-deficient mouse strains are susceptible to tumorigenesis, including Becn1 +/À mice, Atg4c À/À mice, and mice lacking Atg5 or Atg7 in the liver, which develop spontaneous tumors, chemical carcinogen-induced tumors, and benign liver tumors, respectively (Morgan and Kastan 1997; Yue et al. 2003; Takamura et al. 2011 ). This tumor suppressor role is consistent with autophagy enabling apoptosis or autophagy promoting cellular integrity through the destruction of damaged proteins and organelles, limiting reactive oxygen species (ROS), and preventing genomic instability. However, in other contexts, autophagy can promote the adaptation to environmental stresses and increased metabolic demands, thereby enhancing the survival of cancer cells in unfavorable conditions. This notion has been supported by models where loss of autophagy impedes progression to malignancy, as in mosaic Atg5 knockout mice or liver-specific Atg7 knockout mice, which develop benign liver carcinomas that do not progress to a more malignant state (Takamura et al. 2011 ). Additionally, Autophagy core proteins encoded by genes that we identified as p53-bound are highlighted in red. Induction of autophagy is regulated by mTor and Ampk, which phopshorylate the Ulk1 complex to regulate autophagy. Subsequently, a Beclin-1 complex induces formation of the phagophore by recruiting the LC3 conjugation machinery. Two ubiquitin-like conjugation systems mediate the attachment of a phosphatidylethanolamine moiety (PE) to LC3 for recruitment to the autophagic membrane. The growing autophagosome engulfs cytosolic contents, such as damaged proteins and organelles. Finally, the mature autophagosome fuses with a lysosome, resulting in the degradation of its contents and the autophagic membrane. (B) Model showing the contribution of autophagy to p53 responses. p53, in collaboration with p63 and p73, regulates apoptosis target genes to induce apoptosis, which contributes to tumor suppression. Similarly, p53 and its family members regulate the newly identified autophagy program (e.g., Atg2b, Atg4a, Atg4c, Atg7, Atg10, Tmem49, Ulk1, Ulk2, and Uvrag) to induce autophagy, which contributes to tumor suppression through apoptosis. Autophagy may also contribute directly to tumor suppression through apoptosis-independent mechanisms as indicated by the question mark next to the arrow from autophagy to tumor suppression.
p53-induced autophagy network the growth of Hras transformed xenograft tumors and pancreatic tumors in xenograft and autochthonous cancer models was impaired by autophagy inhibition (Guo et al. 2011; Kim et al. 2011; Yang et al. 2011 ). These seemingly distinct roles for autophagy can be reconciled by proposing a dual role for autophagy in cancer development depending on the stage. Specifically, while initially preventing tumor growth by maintaining cellular and genomic integrity, autophagy is exploited at later stages to promote cancer cell growth when cells face increased metabolic demands or external stresses. Moreover, as p53 is frequently mutated or inactivated in cancer cells, regulation of autophagy in this setting will likely be p53-independent. Interestingly, our observation that transformed autophagy-deficient cells produce more colonies than wild-type controls suggests a tumor suppressor role for autophagy downstream from p53 in this context. Furthermore, because the transformation suppression triggered by p53 in E1A;Hras
V12
MEFs is through induction of apoptosis, our findings suggest that autophagy may promote tumor suppression in this setting through enhancement of p53-dependent apoptosis (Fig. 7B) .
In response to cancer therapy, roles for autophagy in promoting survival as well as in enhancing cell death have been described, although the prevailing view is that therapy-induced autophagy is a survival and resistance mechanism and that inhibiting autophagy is therefore a therapeutic strategy (Rubinsztein et al. 2012 ). However, since cancer cells generally lack a functional p53 pathway, these experiments most likely address p53-independent cell death, in which autophagy may have a different role and promote survival. Certainly, a more detailed understanding of the settings in which autophagy promotes apoptosis versus survival is important to maximize the benefits of modulating autophagy in cancer treatment. Our findings showing that autophagy promotes p53-dependent apoptosis in a genetically defined setting of E1A;Hras V12 transformed MEFs with wild-type p53 suggests that genotoxic cancer therapies could promote regression of tumors with wild-type p53 in part through autophagy. This idea is supported by studies showing that the p53 autophagy target gene Dram contributes to efficient p53-triggered apoptosis (Crighton et al. 2006 ).
Our genome-wide studies have elaborated an extensive connection between p53 and autophagy. p53 regulates autophagy directly by induction of core autophagy genes, which helps promote p53 responses. How, exactly, autophagy contributes to p53-dependent apoptosis and transformation suppression remains an open question. It will be very interesting to further dissect the mechanisms by which autophagy contributes to p53-dependent tumor suppression in the future.
Materials and methods

Cell culture
MEFs, lung cancer cells, and HCT116 cells were cultured in DMEM with 10% FCS. Human fibroblasts were obtained from Coriell Cell Depository and maintained in DMEM with 15% FCS. Doxorubicin (Sigma) was used at 0.2 mg/mL, and Nutlin-3a (Sigma-Aldrich) was used at 0.5 mM. UVC treatment was at 20 J/m 2 . For autophagy experiments, cells were treated with BafA1 for 1 h prior to harvesting. Pulses for cell cycle experiments were 3 mg/mL BrdU or 5 mg/mL EdU for 4 h. Lentiviral and adenoviral infections were carried out as described (Brady et al. 2011) . siRNA transfection was performed according to the manufacturer's instructions. Briefly, siRNAs were reverse-transfected at a final concentration of 25 nM using Dharmafect 4 (Dharmacon) and 300,000 MEFs per 35-mm well. Previously published p63 and p73 siRNAs (Lang et al. 2004 ) and siGENOME nontargeting siRNA pools (D-001206-14, Dharmacon) were used for p53 family member knockdown experiments.
ChIP-seq experiments
MEFs were seeded at 4 3 10 6 cells per 15-cm dish and treated with 0.2 mg/mL doxorubicin for 6 h on the following day. Chromatin from 100 3 10 6 cells was used for each ChIP-seq experiment. ChIP was carried out essentially as described (Johnson et al. 2007 ) using p53 polyclonal antibodies (CM-5, Vector Laboratories) with a few modifications: Washes were performed two times with low-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl at pH 8.1, 150 mM NaCl), three times with high-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl at pH 8.1, 500 mM NaCl), and four times with LiCl wash buffer (0.25 M LiCl, 1% IGEPAL CA630, 1% deoxycholic acid [sodium salt], 1 mM EDTA, 10 mM Tris at pH 8.1). Chromatinimmunoprecipitated DNA was quantified by qPCR using SYBR Green (SA-Biosciences) and a 7900HT Fast Real-Time PCR machine (Applied Biosystems). Libraries were generated according to the manufacturer's instructions (Illumina), and quality was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies). Thirty-five-base-pair reads were generated on an Illumina Genome Analyzer II, and raw data were uploaded to the highthroughput sequencing data analysis platform DNAnexus and mapped to the 2007 release of the mouse genome (mm9). The quality of the ChIP-seq libraries was confirmed by the number and percentage of mapped and confidently mapped reads. All ChIP-seq data are available in the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/gds) under the accession number GSE46240.
RNA-seq experiments
3SEQ libraries were prepared from purified mRNA from untreated and doxorubicin-treated wild-type or p53 À/À cells as described (Beck et al. 2010 ) using at least two independently derived MEF lines per genotype. Raw sequencing data generated on the Illumina Genome Analyzer II were uploaded to the high-throughput sequencing data analysis platform DNAnexus and mapped to the 2007 release of the mouse genome (mm9). The quality of the 3SEQ library was confirmed by the number and percentage of mapped and confidently mapped reads. All RNA-seq data are available in the GEO database (http://www.ncbi.nlm.nih.gov/gds) under the accession number GSE46240.
ChIP-seq and RNA-seq data analysis Peak calling was performed using DNAnexus with settings for peak enrichment >20, peak-to-background enrichment >3, a minimum ratio between uniquely and repetitively mapped reads of 3:1, a kernel bandwith of 30.0, and enabling FDR calculation. MEME was used for de novo motif analysis of the genomic DNA sequences flanking ChIP-seq peaks (Bailey and Elkan 1994) . The percentage of peaks containing a p53 consensus motif was determined with RSA-tools matrix scan (Turatsinze et al. 2008) . DAVID Bioinformatics Resources 6.7 was used to analyze the gene lists derived from ChIP-seq data or ChIP-seq data combined with 3SEQ data to find enriched pathways and biological functions (Huang et al. 2009a,b) .
3SEQ raw data were uploaded to DNAnexus, and quantification was performed using transcriptome-based quantification using sense reads and RefSeq gene annotation. Read counts were further analyzed using R environment and the DEseq package according to the suggestions in DEseq's vignette to derive a list of differentially regulated genes. In summary, the size factor was first calculated to normalize the samples for the size of the library. After estimation of variation, a method based on the negative binomial distribution was used to call differentially expressed genes between DNA damage-treated and untreated conditions for wild-type and p53 À/À MEFs or between untreated wild-type and p53 À/À MEFs. Genes with an adjusted P-value #0.1 were then used for further analysis. To derive p53-dependently DNA damage-regulated genes, we excluded genes that were significantly regulated by DNA damage in p53
MEFs with >70% of the fold change observed in wild-type MEFs.
qPCR analysis
For qRT-PCR, RNA was isolated using Trizol (Invitrogen) and reverse-transcribed using MMLV reverse transcriptase (Invitrogen) and random primers. PCR was performed in triplicate using SYBR Green (SA-Biosciences) and a 7900HT Fast Real-Time PCR machine (Applied Biosystems), and the results were computed relative to a standard curve made with cDNA pooled from all samples. Primer sequences for qRT-PCR and ChIP-qPCR are listed in the Supplemental Material.
Western blotting
Western blotting was performed according to standard protocols using p53 antibodies (1:1000; CM5, Vector Laboratories), LC3 antibodies (1:1000; NB600-1384, Novus), and HRP-conjugated b-actin antibodies (1:1000; Santa Cruz Biotechnology). Protein lysates were prepared in RIPA buffer (150 mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris at pH 8.0) with freshly added protease inhibitor cocktail (Roche). Western blots were quantified with ImageJ.
Immunofluorescence
Immunofluorescence was performed as described using antimouse p53 (1:150; rabbit CM5, Vector Laboratories) and anti-LC3 (1:200; rabbit CST no. 3868, Cell Signaling Technology). For LC3 staining, cells were permeabilized with methanol and blocked with DAKO blocking buffer (X0909, Dako).
FACS analysis
Apoptosis assays were performed as described (Johnson et al. 2005) . Per sample, 0.2 3 10 6 to 0.3 3 10 6 cells were seeded per 35-mm well, and cells were analyzed 18 h (for apoptosis) or 72 h (for survival) after treatment with doxorubicin. For cell cycle analysis, 0.5 3 10 6 cells were seeded per 60-mm dish and irradiated with 5 Gy of g-radiation. Click-IT EdU labeling and SYTOX staining for DNA content (both Invitrogen) were performed according to the manufacturer's protocols 18 h post-treatment.
Soft agar assays
E1A;Hras V12 MEFs (3 3 10 4 ) were resuspended in 1.5 mL of 0.3% top agar in complete DMEM growth medium and placed on a layer of 2 mL of 0.5% bottom agar in a 35-mm dish. Each cell line was seeded in triplicate, and cells were fed every 3 d. After 2 and 3 wk, colonies were stained with Giemsa, and photographs were taken. Colony number was quantified using ImageJ. Briefly, images of Giemsa-stained colonies were processed using the color deconvolution plugin and then converted to binary (black and white) images. The ''analyze particles'' function was used to determine the number of particles (colonies).
